Abstract: This paper deals with the modeling and control of thermal induced deformations that are the result of a position dependent heat load. These deformations are modeled using a combination of spectral methods and FEM. For systems of this type, a distributed feedforward controller is proposed that acts only around the location of the heat load. The results of this controller show a significant reduction of thermal induced deformations of a flexible beam.
INTRODUCTION
In high-tech machinery, changes in thermoelasticity of materials and components are often an undesirable side effect which is due to the operation of the machine. This is especially important for optical lithography equipment, where accuracies in the order of nanometers are required to meet customer demands. To obtain this high level of accuracy, each component in the lithography tool has to comply with extreme requirements regarding its thermal properties and thermoelasticity of materials. To reduce thermal induced deformations, components are manufactured of materials with low coefficients of thermal expansion (CTE). However, material choice may not always be an option for example in the case of the wafer, as it is required to possess semiconductor properties.
In an optical lithography process, the wafer is exposed to significant thermal loads and will heat up. This effect, called wafer heating, ultimately results in thermal induced deformations of the wafer which reduce performance of the lithography tool in terms of properties as overlay and focus [1] [2] . With increasing source powers and performance requirements for next generation lithography tools, this effect is becoming ever more important. Especially so for extreme ultraviolet lithography (EUVL), where additional infrared radiation is transferred to the wafer besides exposure energy [2] . Also, in EUVL the wafer is located in a near vacuum environment which makes thermal conditioning more complicated.
As a possible solution to controlling wafer heating effects, this paper discusses a modeling and control methodology for mechanical actuation of thermal induced deformations. A key issue in this paper is the spatio-temporal nature of the load and area of interest (AOI), which follows from the scanning behavior of the lithography machine. To minimize thermal induced deformations in a moving AOI, we propose a distributed feedforward control technique which is able to significantly reduce the complexity of the problem. † David van den Hurk is the presenter of this paper.
Earlier work on the topic of compensation of wafer heating effects is given in [3] . This patent discusses a method to predict thermal induced deformations, and adjusts exposure settings to compensate for the deformations. Other comparable work is mostly found in the field of adaptive optics [4] . In this field typically wavefront errors are corrected by mechanical actuation of the lenses [5] [6], although [7] discusses the same principle using a thermal actuator. In many other applications, thermal induced deformations may be corrected by clever design of the structure [8] , choice of materials [9] , or by thermal conditioning [10] . With thermal conditioning the temperature of the object is controlled to indirectly reduce deformations, e.g. [11] . The work in this paper is different in the sense, that we aspire to actively correct the mechanical deformations with mechanical actuators. Also we are dealing with a moving heat load and moving area of interest, whereas in adaptive optics the AOI is stationary, namely the entire mirror. This paper is organized as follows, in Section 2 the problem is introduced in detail. Section 3 discusses two modeling techniques for the thermoelastic problem, a spectral method and a finite element (FE) method, and discusses their performance. The distributed feedforward controller is introduced in Section 4, and obtained results are presented in Section 5. Finally, in Section 6 conclusions on the modeling and control techniques are discussed.
PROBLEM FORMULATION
The problem discussed in this paper revolves around the modeling and control of thermal induced deformations, in a moving AOI, that are the result of moving heat loads. For this, we consider the cross section of a wafer, which we model as a 1.5D beam as graphically represented in Figure 1 . Here, real valued solutions of temperature T (x, t) and thermal induced deformations u x (x, t), u y (x, t), are allowed to vary over x ∈ X and t ∈ T, and are considered constant over y ∈ Y. Deformations in the y-direction have to be considered due to the Poisson effect, which states that axial strain in the xdirection results in a transverse strain in the y-direction. Let X a ⊂ X be the locations of the actuators that support the beam. These actuators are used to supply a force in both x-and y-direction without slip. In Figure 1 , the beam is exposed to a moving heat load Q(x, t), Q : X × T → R, which can be decomposed as,
Here, P (t) is the total power of the heat source and g(x− μ(t)) the function describing the spatial distribution of the power, i.e. g : X → R and we assume that x − μ(t) ∈ X. Hence, μ(t) determines the position of the heat load through time, e.g. μ(t) = μt results in a heat load that moves with constant velocity μ. Due to thermoelastic properties of the material, heat load Q(x, t) induces thermal deformations d th : X × T → R 2 , that are vector valued according to
The beam is exposed to an external force, F : X → R, as shown in Figure 1 . For every x ∈ X, the force F (x) is a vertical force that fixates the beam to the actuators. This force may, or may not, be uniformly distributed in X and is considered an uncontrollable input to the system.
The controllable inputs to the system are actuator forces
Here, X a ⊂ X is defined as the set of locations in X where actuators are placed. This set is assumed stationary. Then for (x, t) ∈ X a × T, F act (x, t) is defined as the force in both x-and y-direction,
These forces induce actuated deformations d act : X × T → R 2 , in both spatial directions, this yields the vector
Finally, the controlled output of the system z : X × T → R 2 where, for (x, t) ∈ X × T, z(x, t) is defined as the sum of thermal induced deformations and actuated deformations, in x-and y-direction,
In this paper it assumed that z(x, t) is observable at all x ∈ X. When this is not true, i.e. deformations are only observed at a finite number of sensors at given locations in X s ⊂ X, an output estimator will have to be used to estimate at least the output z(x, t) ∀x ∈ X AOI (t). Here
represents the relevant x-locations in the AOI at time t ∈ T as X AOI (t) ⊂ X. Fig. 1 Graphical representation of 1.5D thermoelastic problem with moving heat load.
For the described setup the objective is to design a feedforward controller which minimizes the worst case deformations in both the x-and y-direction in the AOI, at any given time instant t, over the spatial domain in X AOI (t),
where,
MODELING
To model the problem presented in the previous section two main aspects are identified, first of all thermal diffusion, and secondly mechanical elasticity. Both topics will be discussed in the following subsections. Furthermore, it will be shown that, in this case, the thermoelastic behavior of the beam can be reasonably approximated by quasi-stationary equations. Finally to approximate the solution of the partial differential equations (PDEs) which lay at the basis of the physical phenomena, we consider the spectral Galerkin method.
Thermodynamics
The heat equation is a PDE describing the spatiotemporal behavior of temperature T (x, y, z, t) in a threedimensional object. Equation (9) displays this PDE, for a certain input Q(x, y, z, t) and convection term hΔT (x, y, z, t),
with ρ, c p , and κ specific (constant) material parameters and h the heat transfer coefficient between the object and its surroundings.
Mechanical Elasticity
The elastic behavior of the beam, is derived from Newton's second law of motion,
where u(x, y, z, t) indicates the displacement vector
T in all three directions, and F(x, y, z, t) is the mechanical load vector. From this we can write the Cauchy momentum equation, (11) which is the PDE describing the deformation and stress σ in purely elastic materials, under the assumption of small displacements [12] . The stress-strain relation is given by Hooke's law as,
with Lamé parameters λ and μ defined as follows,
and E and ν the Young's modulus and Poisson ratio, respectively, of the beam material. Using these equations together with the equation of motion, one can derive the following relation for displacements in the x-direction,
In the same way the equations for the y and z deflections can be derived such that the total displacement vector can be expressed as,
In the case where purely thermoelastic deformations are considered, F corresponds to the gradient of the temperature distribution T (x, y, z) at a given time step.
Quasi-Stationary Thermoelasticity
In many thermoelastic applications it can be shown that the elasticity equations can be considered static (
To prove this, let us consider the elasticity equation for only the x-direction with u y = 0, u z = 0, such that
This equation corresponds to the wave equation,
where c indicates the velocity of the wave. Hence, the characteristic time for a expansion/compression wave to travel through a beam of length L is given as
In the same manner the thermal diffusion PDE can be analyzed. The diffusion PDE (in 1D) is given as,
The time scale for this equation can be found after nondimensionalization of the PDE as described in [12] and is given by,
where L is the length of the beam. If then we consider a beam a of length L = 1[m], and for example silicon material parameters,
we can compute the time scales of that beam as,
Hence, the dynamics of the thermal diffusion process are approximately a factor 10 8 times slower than the mechanical elasticity waves. From this it follows that using quasi-static thermoelasticity equations is a reasonable assumption. Nevertheless, note that the factor between thermal diffusion and mechanical expansion will decrease linearly with the length of the beam, as the factor is given as,
Hence, for very short beams (e.g. L < 10 −7 [m]) the quasi stationary assumption is not valid for this material. However note that this ratio is different for every material, and therefore one should always validate their assumption when dealing with very short beams.
Knowing that the thermal induced strain is given by
where T ref is defined as the zerostrain temperature i.e. T (T ref ) = 0, the coupled quasistatic thermoelasticity equations (without external force but with a heat-load Q(x, y, z, t)) are given as,
Complexity reduction/solution methods
As was shown in the previous section, the quasi-static thermoelastic model is described by infinite dimensional differential equations. Solving these equations explicitly is possible in certain cases where the involved geometries are simple e.g. [13] . However, in practice these type of equations are more often solved using FE packages, which approximate the solution of the PDE over a finite number of spatial elements called nodes. For solutions with a high frequent spatial behavior, e.g. a very narrow area where heat is applied, this would mean a significant amount of nodes are required to obtain a reasonably smooth solution over the entire domain. Also, using FEM does not give the insight into the problem, which derivation of an analytical solution does. Therefore, in the next subsection a solution of the heat equation using the spectral Galerkin method is discussed.
Spectral methods
Spectral methods are, like FEM, a method to approximate the solution of a PDE system numerically. Lets take for example the 1D heat equation as,
with insulated edges such that the boundary conditions are:
Using numerical methods, the goal is to minimize some defined residual,
withT (x, t) the approximated solution of T , by approximating T as a finite approximation,
which becomes more accurate as N increases. In (29), ξ n (x) are called trial functions which span a subspace P N of some (separable) Hilbert space H for which the norm is defined as ||T || := T, T and inner products are taken as,
Then, in the strong sense (29) means,
Hence, when ξ n are orthonormal trial-or basis-functions,
the coefficients a n (t) can be found by projection of the solution onto these bases,
Then, according to the choice of trial functions the following distinction can be made [14] • Petrov-Galerkin method: Test functions and trial functions belong to different Hilbert spaces.
• Tau method: Test functions are (sub)set of the trial functions which do not satisfy the boundary conditions.
• Collocation method: Test functions are delta functions at certain locations. By far the most used method, for both spectral methods and FEM, is the Galerkin method.
3.5. 2D thermoelasticity using Spectral Galerkin method In this subsection a short example for solving the 2D-thermoelasticity problem with the spectral Galerkin method will be presented. As thermoelasticity is assumed to be coupled in one direction, i.e. temperature influences elasticity but not the other way around, we can first solve the temperature distribution followed by the elasticity. For the 2D heat diffusion problem is given as,
+Q(x, y, t). (35)
For the problem the following convenient boundary conditions are chosen,
Next we take basis functions, ξ r (x, y) := f m (x)f n (y), that satisfy the boundary conditions, e.g.
and are orthonormal in the sense,
For these basis functions the following holds, 
Then finally the temperature approximation is given bŷ T (x, y, t) =
R r=1 a r (t)ξ r (x, y).
A comparison between the temperature solution obtained with the spectral Galerkin method (with 50x50 basis functions) and FEM (with 50x50 mesh elements), at a given time step is presented in Figure 2 . The most right figure is the reference solution which is obtained by using a very fine mesh in FEM, and has a spectral resolution approximately 5x finer than the 50x50 elements FEM. From the comparison it is observed that the spectral method introduces some ripple in the solution, due to the choice of periodic basis functions. On the other hand, in the FEM (50x50) solution the mesh elements are visible on the top and the input source is represented less accurately. This can be seen by the fact that the hot spot in the middle plot is not at the front of the heat wave. In this simulation the heat load is moved from bottom to top, hence the highest temperature increase is expected where the heat is deposited, as shown in the reference solution. As FEM uses localized basis functions, the spectral resolution of the solution is also localized while with the spectral method a global spectral resolution is obtained. This is the reason why the location of the narrow heat load is still represented accurately at the front of temperature increase. Nevertheless, observing that the hottest line in the spectral method is thicker than in the reference solution, it can be concluded that in this case a higher resolution is required in y-direction. Fig. 2 Comparison of temperature solutions at a certain time step, left top: 50x50 basis functions using spectral Galerkin method; right top: 50x50 elements in FEM; bottom: reference solution (approx. 5 times finer than 50x50 mesh).
To solve the 2D-elasticity problem, the plane stress assumption is made, such that σ zz = σ xz = σ yz = 0. This assumption is valid when the z-dimension is many times smaller than the x-y-dimensions, as would be for a wafer. Then Hooke's law reduces to,
and eventually the following coupled PDE describing u x (x, y) and u y (x, y) can be derived,
where u x and u y satisfy some given boundary conditions. Due to the Poisson effect there will be an out-of-plane deformation, u z (x, y), which is given by Hooke's law as,
From (44) and (45) u x (x, y) and u y (x, y) can be solved using spectral Galerkin method. For this we approximate the solutions as,
with ξ n (x, y) and γ n (x, y) 2D orthonormal basis functions, as defined in (38), which satisfy the given boundary conditions. Then following the same approach as in the thermal approximation, substituting (47), (48) into (44) and (45), and projecting these functions onto the bases ξ n (x, y) and γ n (x, y). Alternatively, when T (x, y, t) is already discretized, a system of equations with 2N unknown is obtained which can be solved in for example a least squares sense. (given that the number of discretization points is larger than N )
4. CONTROL
Localized Feedforward Control
From the problem formulation, the control objective is formalized as follows: Given an actuator distribution X a ⊂ X below the beam, find the optimal actuator forces F act (x, t) which minimize the worst case deformations z(x, t), defined in (5), at the location of the heat load, i.e. at x ∈ X AOI (t). Since the heat load is moving along the length of the beam over time, we are dealing with a spatio-temporal control objective and disturbance.
To minimize deformations at the AOI, an indicator function V (x, t) is introduced to select only the elements x ∈ X AOI (t), i.e.
This allows to define the localized thermal induced deformations in the AOI at any time t as,
The actuator induced deformations d act (x, t), are computed using the superposition principle. Therefore, sensitivity mappings S ij are created which describe the normalized deformations of the beam due to each actuator force, here i indicates the direction of the force and j the direction of the displacement. Thus, S yx maps forces in y-direction, from all actuators, into deformations in xdirection. These mappings are determined by FEM simulation of the deformations due to each actuator force individually. Hence,
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where
A second indicator function W (x, t) is introduced for selection of the active actuators that are used to compensate the thermal induced deformations,
In this way the localized actuator forces F loc act (x, t) are defined as
and the localized actuator induced deformations for x ∈ X AOI (t) are given as,
with S loc (x, t) = V (x, t)S. The complete optimization problem, which is solved point wise in time, is now given as,
Here,
are scaling factors to ensure both directions are weighed equally at each time t.
Note that the support of V (x, t) and W (x, t) are not necessarily equal to X and X a respectively. Let
Then we call the problem
See Figure 3 for a graphical representation of V (x, t) and W (x, t) in a specific configuration. Fig. 3 Graphical representation of indicator functions in a distributed control aligned configuration.
Linear Programming
The solution to the optimization problem (56) is found using linear programming (LP). For this, the problem in (56) is discretized and solved piecewise in time, hence we fix t ∈ T. Then, let the sets, defined in the previous section, have the following cardinality, |X| = n, |X AOI (t)| = m, and |X a | = r, i.e.
This way S ∈ R 2n×2r . Next define,
Then,v(t) ∈ R n and we decomposev(t) into standard basis vectors e k spanning R n ,
where the time-dependency of α k is not explicitly denoted as time is fixed. By (62),
such that,
. For the distributed control strategy, the number of active actuators r a is not equal to r. Hence after similar decomposition as done for V (x, t) in (64)-(66), W (x, t) can be written as a matrixW ∈ R ra×r , such thatS
. When all actuators are active at every time step t, i.e. centralized control, (56) has non-unique solutions. This is understandable as actuators at the right end of the beam do not affect deformations at the left end of the beam. To deal with this the number of active actuators r a is chosen such that the matrices inS loc are full rank which leads to unique solutions of (56). Furthermore, this approach reduces the number of optimization variables from r to r a and the size of the sensitivity matrices from n × r to m × r a which can be especially useful for large scale systems.
The linear programming problem is characterized by a linear cost function with linear constraints, i.e.
To cast (56) into an LP, we need to define a linear cost. This is done by defining x of (68) as a combination of the selected r a actuator forces, and γ = [γ x , γ y ] T which defines an upper bound on the supremum of the deformations in x-and y-direction, 
Then, to incorporate the equations of (56) into the linear problem the constraints are defined as,
Note that in this case, as we are minimizing both spatial directions simultaneously, we have to normalize the localized thermal induced deformations d loc th (t) as well as the sensitivity matrices by a factor β(t) as defined in (57). This way we ensure deformations in both directions are weighted equally. Then, in a situation where deformations in one direction are less desirable then the other direction, one may vary these factors or the coefficients in c T . Finally, it would also be possible to weigh deformations at a certain location in the AOI more or less by applying a spatially varying scaling factor.
RESULTS
In this section results of the localized feedforward control are presented. To do so, the situation of Figure 1 is simulated. Using the actuator forces discussed in the previous section, we are only interested in correction of higher order deformations. Therefore, deformations with a low spatial frequency are omitted from the initial data.
As said, by scaling of γ x and γ y , one can put more or less emphasis on minimization of the infinity norm of deformations in a certain direction. The results above show this difference for the three extreme cases: 1. Zero weight on y-direction, 2. Zero weight on x-direction, 3. Equal weight on x-and y-direction.
In Figure 4 , the relative improvement of the L ∞ norm is given for the three cases defined above. In this figure, the subplots in the top row give the relative improvement for deformations in the x-direction and the ones in the bottom row give the relative improvement in y-direction.
For case 1 (left column of Figure 4 ), where we neglect deformations in y-direction, we see a significant improvement of the L ∞ norm in x-direction up to almost 99.5% over large sections of the beam. This can be explained by the extra freedom created by disregarding deformations in y-direction. This gives that forces F y (x, t) may be used to apply deformations in x-direction. However, this significantly reduces performance in y-direction as expected. Also note the significant improvement in the area where there are no actuators placed. Using the nearest actuators, it is still possible to apply forces in the middle of these areas that lack actuators, to improve the deformations.
Regarding case 2 (middle column of Figure 4 ), we neglect deformations in x-direction and similar conclusions as in case 1 can be made, where a relative improvement of maximally 99.8% is obtained.
Finally, the right column of Figure 4 shows the result of case 3. In this case it is shown that improvement in both directions simultaneously is possible and the algorithm automatically optimizes both directions as good as possible. For example in the area where no actuators are placed, improving the x-direction is almost not possible, hence the y-direction is improved significantly.
Besides the relative improvement of the L ∞ norm, it is interesting to asses the actual deformations at a given time step. For this purpose the top row in Figure 5 , shows the resulting deformations in V (x, t), for case 3, before and after correction, at two time steps, and the bottom row gives the absolute differences between deformations before and after correction. After analysis of these figures for many time steps, it is found that, in many cases, the major improvements take place on the edge of V (x, t). However, this is a freedom in the optimization resulting from only minimizing the L ∞ norm over V (x, t) with constant weights over space. Hence, to improve the norm at more locations in the AOI or at a specific location, deformations may be weighted differently.
CONCLUSIONS
In this paper it is shown that, under certain circumstances, it is possible to obtain higher accuracy, under comparable complexity, in modeling thermodynamics with a spatially varying heat load, using spectral Galerkin method rather than the more traditional FEM. This is due to the global nature of the basis functions in the spectral Galerkin method, opposed to the localized functions used in FEM. Nevertheless, computational efficiency of FEM will allow for more complexity such that eventually it will result in similar accuracy in less time.
From the results of the previous section, it is concluded that, using the localized control strategy of Section 4, it is possible to significantly reduce higher order thermal induced deformations that result from a moving heat load. Furthermore, by localization of the problem a distributed controller is developed which reduces complexity significantly compared to the centralized problem.
For future work, a model predictive controller (MPC) is foreseen to anticipate the heat load. This way, rate constraint on the actuator forces can be taken into account and we can compute optimal actuator forces over a given time horizon. Furthermore, the work will be extended to 2D space where the number of actuators is increased significantly to possibly many thousands.
